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NOTICES

Disclaimers
The findings in this report are not to be construed as an official Department of the Army position unless so designated by other authorized documents.
Citation of manufacturer's or trade names does not constitute an official endorsement or approval of the use thereof.
Destroy this report when it is no longer needed. Do not return it to the originator. In an effort to simplify M&S efforts, it was decided to choose a relatively simple explosive formulation. The composition of Comp A-3 Type II is usually given as being 91 wt.% RDX and 9 wt.% polyethylene (PE), and appears to meet the requirement for a simple formulation. Type II RDX, i.e., RDX produced by the acetic anhydride process (1), is used. Unfortunately, it also contains HMX impurity and residual cyclohexanone solvent. The PE in Comp A-3 is actually an oxidized polyethylene (OPE), which has carboxylic acid groups on approximately 15% of its chain ends and a relatively low molecular weight (M n ~1200) (2), and as reported herein, brings several trace impurities along with it to the explosive formulation. OPE is also sometimes called "polyethylene wax." Comp A-3 Type II is produced by BAE Systems. Although few formal records about the manufacturing of Comp A3 are readily available, limited information is available in reference 3 (reproduced in appendix A). Additional information about the formulation and processing was graciously provided by BAE (4):
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• The RDX used in Comp A-3 Type II is Class 1 RDX, which typically has a broad particle size distribution. Particle size analysis for various batches of Class 1 RDX used to make Comp A-3 confirmed that the majority of RDX particles were roughly 200 μm but that there was a broad distribution of sizes.
• RDX is recrystallized from cyclohexanone but not milled. It is then made into a water slurry before the coating process.
• An emulsion of OPE is used to bind the RDX under heavy agitation at 93-95 C and atmospheric pressure. Magnesium chloride is used to break the emulsion.
• For the most part, emulsifiers and other additives are washed away with the water from the slurry and the emulsion.
• During the coating procedure, the RDX agglomerates and OPE adheres to the surface; however, the OPE does not provide uniform coating of the RDX and can be considered more of a binder than a true coating.
This process makes small prills that are subsequently pressed together into charges of varying densities and dimensions depending on the intended application. Of particular interest for M&S efforts is how impurities might affect both particle/binder adhesion and RDX particle size in the pressed explosive. The experimental efforts described herein focused on the chemical and physical characterization of Comp A-3 prills and the identification of impurities that might affect binder-filler adhesion. Characterization of the pressed explosive (before and after shock testing) will be the subject of a future investigation.
Experimental
Neat A-C 656 oxidized polyethylene homopolymer (CAS 68441-17-8) was obtained from Honeywell (material information sheet given in appendix B). Emulsified polyethylene and Comp A-3 prills were obtained by BAE Systems (Holston, material data safety sheet given in appendix C).
A Zeiss Stemi 2000-C microscope equipped with a digital camera was used to capture images of the tested samples using AxioVision software (Release 4.8.1).
An ISI-SS40 scanning electron microscope was used to analyze the Comp A-3 Type II prills. The prills were mounted on conductive (aluminum) studs using either a conductive adhesive paint or adhesive disc. The samples were coated with a thin conductive film via "cold sputtering."(5) The sample was placed in the instrument chamber, and a vacuum was applied. Various images were taken using different working distances and voltages to determine the optimum image quality. The working distance was set at 20 mm, and the voltage was 10 kV. Images were taken at approximate magnifications ranging from 50× to 2000×.
Analysis of desorbable species was performed using an Agilent gas chromatography-mass spectroscopy (GC-MS) (Model 6890N GC and Model 5973N MSD) system fitted with a Pyroprobe 2000 (CDS Analytical, Oxford, PA). The GC column used was a HP-5 capillary column (0.25 mm × 30 m, 0.25-mm film). The injector temperature was 200 °C and the Pyroprobe interface temperature was 175 °C. The GC oven temperature program was as follows: 50 °C isothermal for 1 min, 50-250 °C at 40 °C/min, and 250 °C isothermal for 1 min. The Pyroprobe was programmed to give a 20-s desorption pulse at 175 °C (heating rate 1000 °C/s). The sample was held within the coil of the Pyroprobe by first placing it in a quartz tube containing a small plug of glass wool, and then inserting the entire tube into the coil. 
Results and Discussion
To characterize the Comp A-3 Type II formulation, optical and scanning electron microscopy (SEM) were used to examine the physical appearance of the material. Figure 1 is an optical microscopic image of the sample as received. Each prill is approximately 1 mm in size, and areas of the crystalline RDX are visible as the polyethylene does not provide a complete covering. Further evidence of the crystalline RDX particles is observed when the prill is "smeared" with a small spatula (figure 2). The prill was observed to be relatively soft, and broke apart with little applied force. The prills were also analyzed by SEM to examine the microstructure of the material and identify any characteristics related to the adhesion of the polyethylene binder on the RDX crystals ( figure 3 ). At the lower magnifications, the inhomogeneity of the shape of the prills was readily observed. Each prill consists of many smaller RDX particles held together by OPE binder. No uncoated RDX particles were observed at the surface of the prills. At higher magnifications (figure 3d), very small particles were seen on the surface of the prill, which could possibly be excess binder from the processing. One of the prills was cut in half using a razor blade to expose the inner portion of the prill (figure 4). Figure 4b shows the one half of the prill with the "inner" portion of the prill facing up.
Other than being flat because of the cut, the inner portion of the prill resembled the outer surface. However, once the prill was cut, some of the crystalline material was exposed (figure 4c). The red arrows in figure 4c point to small voids that might be inhomogeneities on the surface of an exposed RDX crystal. In this SEM image, the lighter portion on top of the prill is the OPE binder. The OPE did not appear uniformly distributed around the RDX particles, and some chunks of polyethylene, similar to that observed in figure 3d, were visible. According to the information obtained from BAE Systems regarding the formulation process, the average particle size of the Class 1 RDX used for the Comp A-3 formulation is about 200 µm (4) . Given that the size of each prill appears to be roughly 1000 µm, as observed in the SEM images, a prill could contain up to five RDX crystals in one direction bonded together by the OPE. The SEM images of the prills are consistent with what has been observed for other waxcoated RDX crystals (6), i.e., the distinct faces of the RDX crystals are obscured by the polyethylene binder. The neat RDX used in the actual formulation process was not available for characterization; however, SEM images of Class 1 RDX provided by Holston (not shown) are consistent with an RDX particle size on the order of 200 µm. The SEM images of the prills will serve as a baseline for comparing the interface of the energetic and binder materials once the prills are pressed into explosives of varying densities (subject of future investigation).
HPLC analysis was performed to determine both the overall nitramine content in Comp A3 prills and the relative percentages of RDX and HMX in the nitramine. The analysis revealed a total nitramine content of 91.0 wt.%, as expected. The nitramine was found to be composed of 92.2 wt.% RDX and 7.8 wt.% HMX. Given that the RDX used in Comp A-3 is Type II RDX and is manufactured by the acetic anhydride process (also known as the Bachmann process), an HMX content of 4-17 wt.% is expected.
Desorption-gas chromatography-mass spectrometry (D-GC-MS) was used to probe the chemical composition of the prills, specifically as related to desorbable species. The chromatogram in figure 5 (top) revealed the presence of cyclohexanone, 4-nitroso morpholine, RDX, and a range of hydrocarbons (presumably from the oxidized polyethylene binder) in the prills.
When evaluating the mass spectra of the peaks labeled as "unknown" in figure 5 (top), a dominant peak for m/z = 59 was observed. These peaks are more clearly visible in the selected ion chromatogram (SIC) for m/z = 59 (figure 5, bottom). A search of the mass spectra for these peaks against a library of mass spectra suggested that they are secondary alcohols, but no exact matches were found. An example of a search result that is similar, but not identical to the spectra of one of the peaks (8.2 min) is shown in figure 6 . The peaks in green are a good match, but the ones in red do not match at all. The green peaks are characteristic of the class of compound (i.e., secondary alcohols), while the red peaks are characteristic of the overall molecular weight of the compound. Based on this, it is concluded that the peaks appearing in the m/z = 59 SIC are secondary alcohols with molecular weights larger than any of those in the mass spectral library. Analysis of the mass spectra of secondary alcohols available in the library revealed that there is an excellent correlation between the largest mass in the spectrum and the overall molecular weight of the compound. Using this relationship, the masses of the secondary alcohols in the Comp A-3 spectra were extrapolated and found to be in the range of C 15 -C 23 .
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Time (min) After the Comp A-3 Type II prill was heated at 175 C for the GC-MS analysis, the crystalline portion of the formulation was still observed, yet the prill appeared brown in color ( figure 9 ). The discoloration could be attributed in part to the decomposition of polyethylene binder as a result of interaction with RDX and/or its decomposition products. Untreated prills are very soft and waxy, as evidenced by the ease with which they break apart when gently pressed with a spatula. The number average molecular weight (M n ) of neat OPE is known to be approximately 1200 (2) , meaning that the polymer has approximately 40 ethylene repeat units per chain. The emulsion used in the processing of Comp A-3 prills contains morpholine (emulsifier and solubility aid). Other additives to the emulsion include tall oil acids, stearic acid, and ammonium hydride. Tall oil acids are composed primarily of oleic acid; however, the commercial-grade product can also contain stearic acid (the saturated form of oleic acid), linoleic acid, and palmitic acid. At atmospheric pressure, oleic acid decomposes when heated to 80-100 C. Upon exposure to air, it oxidizes and acquires a yellow to brown color and rancid odor. While it is tempting to attribute the color of the heated prills to the oxidation of oleic acid, analysis of Comp A-3 prills by D-GC-MS does not indicate the presence of either oleic or linoleic acids or any of their decomposition products.
Samples of both the OPE and the polyethylene/ammonium stearate emulsion were obtained and analyzed by D-GC-MS. Prior to analysis, the emulsion was allowed to dry for several hours at room temperature. This resulted in the loss of most of the water from the emulsion but not the loss of morpholine and other additives that are mostly driven off during the actual processing of Comp A-3 prills. Evaluation of the chromatograms of the OPE and a "dried" sample of the emulsion ( figure 10 and 11 , respectively) confirmed that the source of the secondary alcohols in the chromatogram of the prills ( figure 5 ) is the A-C 656 OPE itself. The large peak at approximately 3.5 min in the chromatogram of the dried emulsion was identified as morpholine. A closer look at the chromatograms for the A-C 656 (figure 10), as well as for the dried emulsion ( figure 11 ) and Comp A-3 prills (not shown), revealed a set of much smaller peaks that are related to the secondary alcohols discussed above. In figure 12 , several SICs have been generated. The SIC for m/z = 59 shows where each of the secondary alcohols elutes. For four of these peaks (5.8, 6.5, 7.2, and 7.7 min), SICs corresponding to the highest mass in the mass spectrum associated with each peak are also shown. For example, the peak at 7.2 min has a peak with m/z = 213, and the 7.7 min peak has a peak with m/z = 241. A much smaller peak is observed to the right of each of those peaks in the SIC. Examination of the mass spectra of these smaller peaks indicates that they are from a series of homologous ketones. While no calibration was performed to quantify the level of either the ketones or the secondary alcohols, it is assumed based on the sensitivity of GC-MS and the size of the peaks that both the secondary alcohols and ketones are present at the trace level. The Comp A-3 Type II prills, A-C 656 oxidized polyethylene, and a dried sample of the A-C 656/ammonium stearate emulsion were also qualitatively analyzed by FTIR. The spectra of neat RDX and Comp A-3 prills are shown in figure 13 . Both RDX and OPE are clearly visible in the spectrum of the Comp A-3. The FTIR library match (not shown) for the neat OPE was confirmed in the spectral library. Comparison of the spectra for the neat OPE and dried emulsion (figure 14) revealed several peaks in the emulsion spectrum, most notably at 1600 cm -1 , that were not attributed to the oxidized polyethylene. Spectra for the various additives (morpholine, oleic acid, linoleic acid, and stearic acid) were found in the spectral library and compared to the spectra of the dried polyethylene emulsion, yet no matches were found. Since any additives present in the formulation are necessarily present at a relatively low level, it was concluded that the peaks were associated with a strong infrared (IR) absorber. Absorbance peaks in the region between 1500-1600 cm -1 are suggestive of carboxylic acid salts (CO 2 -). A successful match (not shown) for the unidentified peaks was found to be ammonium stearate, the salt formed by the ammonium hydroxide and stearic acid, which is consistent with the MSDS for the emulsion. ammonium stearate Figure 14 . FTIR spectra of oxidized polyethylene and the dried polyethylene emulsion.
As discussed earlier, Comp A-3, while primarily composed of RDX and OPE, also contains trace levels of other materials that might affect the interface, and therefore the adhesion, between RDX and the OPE. Understanding the nature of that relationship is critical to the development of high fidelity physical models. A significant concern regarding possible impurities was the presence of morpholine from the emulsion and its possible effect on RDX solubility. Morpholine was readily detected in the chromatogram of the "dried" emulsion and was determined by HPLC to be present at a level of approximately 3% by weight in the emulsion. This weight percentage was consistent with other values reported in the literature (7) . Analysis of Comp A-3 prills by GC-MS revealed a morpholine content of 0.0009 wt.%. Such a low content suggests that the presence of morpholine might not be a matter of concern, unless it happens to be concentrated at the interface.
Parallel studies being conducted at LANL on the interfaces between several binders and crystalline fills (8) raised questions as to how the presence of morpholine might affect the solubility of RDX, and more importantly, result in a diffuse interface between the RDX and OPE binder; therefore, pertinent solubility measurements were made (table 1) . For the determination of RDX solubility in pure morpholine and in a 3% aqueous solution (to model the emulsion), RDX was first allowed to dissolve in the solvent for approximately 3 h. While the solubility of RDX in pure morpholine was found to be relatively high (20.6 mg/mL), the solubility of RDX in a 3% morpholine solution (aqueous) was found to be on the same order of magnitude as in neat water. Considering the amount of the water from the RDX slurry contributed to the mix during processing, it is clear that the solubility of RDX would be even lower than in the 3% solution and would more closely approach that of neat water. If dissolution of RDX in the processing mix is of concern, the solvent to worry about is water, not morpholine. The solubilities in table 1 were all determined at 20 C. Taking into account that the aqueous solubility of RDX nearly doubles as the temperature is raised from 20 to 30 C (9, 10) and that the solubility increases by approximately a factor of five (10) at the processing temperatures of Comp A-3 prills (93-95 C [2] ; 100 C [3] ), the presence of water in the processing mix could very well affect the quality of the RDX/OPE interface by dissolving even a small fraction of the RDX.
Another consideration regarding changes in RDX particle size that may result in a diffuse interface is the effect of the OPE emulsion's relatively high pH. The as-received emulsion has a pH of approximately 10, and even when diluted to 1% (in water) the pH is still fairly high (approximately 9) and sufficient to result in hydrolysis of RDX. (11) For prolonged exposure, it would not be unreasonable to expect some degree of RDX decomposition as evidenced by pitting or particle size reduction. However, given the relatively short time that RDX and the emulsion are in contact with each other during processing and the fact that any hydrolysis products generated would likely evaporate from the prills along with water, there is probably no reason to be concerned about the effect of hydrolysis on quality or physical properties of RDX in Comp A-3 prills.
To further understand the nature of the interaction between OPE and RDX, the degree of crystallinity of the OPE in the prills was investigated. The DSC analysis of neat A-C 656 OPE (figure 15) revealed a broad endotherm between 40 and 100 °C that is due primarily to the melting of the OPE but also, to a smaller extent, due to the evaporation of relatively low molecular weight impurities in the OPE. Integration of the peak gave a heat of fusion of approximately 84 J/g. This value is converted to percent crystallinity by dividing by the heat of fusion for 100% crystalline polyethylene (i.e., 294 J/g) to give 28.6%, which is in good agreement with a value of 29% crystallinity quoted by the manufacturer (2). Figure 16 shows the results from an annealing experiment for A-C 656 OPE: the polymer was first heated to 150 °C (upper trace), allowed to cool to 40 °C, and then reheated (lower trace). While it was observed that the overall heat of fusion decreased from 89.70 to 73.73 J/g, likely due to the absence of the low molecular weight impurities that escaped the pan through the pinhole during the annealing process, the DSC trace also revealed the presence of new, more obvious features near 90 and 100 °C. These features suggest that annealing the polymer resulted in morphological changes (perhaps by extension of polymer chains resulting in thickening of the lamellae). Performing the same analysis on the "dried" emulsion (figure 17) initially yielded a very broad melting endotherm ranging from 40-100 °C (black trace in figure 17 ). When allowed to cool, and then reheated, the endotherm of the annealed sample became slightly narrower, and the same two peaks emerged between 90-100 °C (red trace in figure 17 ). The analysis was repeated a third time, and the resulting trace (green trace in figure 17 ) was nearly identical to that of the second analysis. Based on the appearance of the first trace, the changes observed in the later traces, and the results of the D-GC-MS analysis discussed previously, it is concluded that while the "dried" sample is probably mostly devoid of water, it still contains other additives from the emulsion (the most significant being morpholine and ammonium stearate) as well as the secondary alcohol and ketone impurities from the neat OPE. The presence of these additives, alone or in combination, might inhibit crystallization. It appears that as the sample is heated, the additives/impurities are at least partially excluded from the sample, leaving the oxidized polyethylene better able to organize without a significant change to the crystallinity. Since the secondary alcohol and ketone impurities were found to be C 15 -C 23 and the ammonium stearate is known to be C 18 , it is expected that each would exert more or less the same effect on OPE crystallization, i.e., they could each fit within the OPE lamellae, which are typically on the order of 10-20 nm in thickness, which corresponds to 40-80 CH 2 -CH 2 units (i.e., C 80 -C 160 ), when grown from dilute solution. (12) Furthermore, given that the overall length of the typical OPE chain (i.e., approximately C 40 ) falls below the minimum length (i.e., C 150 ) thought to give stable folded chain lamellae (13) , it is assumed that the best the OPE can do with respect to crystallization is to assemble chains "side by side" as indicated in figure 18 , which shows two crystallization options: a low degree of order (left) and high degree of order (right). Given that the change in morphology of the OPE in the dried emulsion on annealing seems to be somewhat greater than that of the neat A-C 656 OPE, it is proposed that the additive/impurity with the greatest potential effect on OPE crystallinity is morpholine, since the neat OPE has the C 15 -C 23 species but no morpholine, and the dried emulsion has the C 15 -C 23 and C 18 species and morpholine. Also, it is assumed that alcohol/ketone impurities are present at only trace levels, whereas morpholine was found to make up 3 wt.% of the as-received emulsion. Drying the emulsion at room temperature would do little to drive off morpholine, especially considering that morpholine can react to form salts with the carboxylic acid functional groups on the OPE endgroups and several additives in the emulsion (oleic, linoleic, and stearic acid). The salts should be relatively stable at room temperature but would break down on heating (during processing), allowing the morpholine to evaporate during Comp A-3 processing. One reference (13) claims that the dark tan color of OPE emulsions is the result of colored compounds formed by reaction of amines (in this case morpholine) with oxygen-containing functional groups in the OPE. Given that Comp A-3 prills retain the dark tan color of the emulsion, it is likely that morpholine-containing compounds or complexes are present in Comp A-3. It is not clear if the morpholine detected in Comp A-3 was from free morpholine or from morpholine containing compounds/complexes. Results from the DSC analysis of a relatively large sample of Comp A-3 prills are compared with results from analysis of smaller samples of A-C 656 and the dried emulsion ( figure 19 ). The net amount of PE in the Comp A-3 was of the same order of magnitude as the PE in the other two samples. The trace for the Comp A-3 included the same two endothermic peaks observed for both the A-C 656 and the annealed dried emulsion, suggesting similar morphology. As already indicated, the A-C 656 was approximately 29% crystalline and the dried emulsion approximately 15% crystalline. Integration of the trace for the Comp A-3 revealed an OPE crystallinity of approximately 25%, and suggests that of the two options shown in figure 16 , the one on the left is closer to the arrangement for the OPE in Comp A-3. One of the goals of this study was to understand how impurities in the Comp A-3 formulation might affect the interaction between RDX and binder, and thereby provide information to support the modeling effort. A parallel effort to investigate the mechanical properties of RDX at the submicron scale (<1 µm 2 ) using nanoindentation was also conducted. The sensitivity, resolution, and relative forces applied with the nanoindenter warrant the examination of samples with smooth and flat surfaces. While the surface of Comp A-3 Type II prills is too complicated to evaluate using nanoindentation, the surface of neat RDX crystals can be well suited for analysis by nanoindentation. For the purposes of this study, two different RDX crystal orientations (021 and 210) were grown at the High Explosive Crystal Laboratory at LANL and provided for indentation characterization at ARL. Scanning probe microscopy (SPM) images taken with the instrument prior to indentation did not reveal any surface or roughness issues associated with the RDX crystals that might impede accurate and reproducible determination of the reduced indentation modulus (E r ) and hardness (H) of the sample. The reduced indentation modulus is a function of Young's moduli and Poisson's ratios for both the specimen and the indenter. Additional experimentation and mathematical manipulations would be required to get the directional material moduli of the RDX crystals.
Indentations were made on the RDX crystals with a Berkovich probe to a maximum load of 500 µN at an indent rate of 100 µN/s and a hold time of 5 s between the loading and unloading segments. The indentations resulted in elastic and plastic deformation. The reduced indentation modulus (measure of elasticity) and hardness (measure of resistance to plastic deformation) of the RDX crystals were calculated using the indentation load-displacement response and the traditional Oliver-Pharr nanoindentation analysis (15) . The modulus and hardness values reported in table 2 are the average of 10 indentations. The different crystal orientations exhibited similar modulus and hardness values which were on the same order of magnitude with previously reported values (16) . Differences between the values obtained in this study and previously reported values may be attributed to the different contact conditions (i.e., probe geometry, indent depths, etc.) and/or conditions for crystal growth and surface preparation.
To examine whether there was any dependence of indentation modulus and hardness on indentation depth, a set of partial unloading experiments with a beginning force of 50 µN and a peak force of 1000 µN (20 loading segments) was also conducted. According to the results of this study, only a very small material dependence on depth was observed at low contact depths. 
Conclusions
The physical and chemical characterization of Comp A-3 prills reported here provides fundamental understanding of some of the subtleties related to what was thought to be the "simple" Comp A-3 formulation that might prove critical to the generation of robust mesoscale models to predict the sensitivity of the explosive. Considerations that were identified include the following:
• The evolution of cyclohexanone (processing solvent) was observed in the GC/MS data of the prills.
• The RDX used in the Comp A-3 prills examined contained nearly 8 wt.% HMX.
• A number of relatively short-chain (C 15 -C 23 ) secondary alcohols and ketones were detected in the GC/MS data of the neat OPE, the emulsion, and Comp A-3 Type II prills.
• The binder used in Comp A-3 is not "polyethylene," but an OPE with carboxyl groups on approximately 15% of its chain ends and a number average molecular weight (M n ) of approximately 1200. The binder brings along with it a suite of secondary alcohols and ketones that are produced during the oxidation of polyethylene to produce OPE.
• While morpholine is present in the emulsion at a level of approximately 3 wt.%, and while RDX was found to be very soluble in neat morpholine, it was determined that the solubility of RDX in a 3% aqueous solution of morpholine is nearly identical to that in pure water.
• It was proposed that morpholine would only be a matter of concern to modelers if it tended to concentrate at the binder-filler interface. While there is no firm evidence that this is the case, suspected changes in the morphology of OPE observed in the annealed "dried" emulsion suggest that it may be possible and should be considered further.
• If there is any material that should give rise to concern related to RDX solubility and the possible effect on the generation of a diffuse interface with the OPE binder, it is the water that comes from the RDX slurry and the OPE emulsion, not morpholine or other trace impurities.
• The percent crystallinity of the OPE in a Comp A-3 prill (25%) is lower than that of the neat polymer (29%) but higher than that of the emulsion (15%) when allowed to dry at ambient conditions for several hours. Annealing of neat OPE slightly lowers the overall crystallinity, yet gives rise to new peaks likely resulting from morphological changes of the polymeric network.
• Reduced indentation modulus and hardness values for both RDX crystal orientations were the same, and these values were within the same order of magnitude as previously reported values.
This work serves as the foundation for upcoming studies of pressed Comp A-3 Type II and will be the subject of a future report. 
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